ELSEVIER 


Available online at www.sciencedirect.com 


ScienceDirect 


Antiviral drugs specific for coronaviruses in preclinical 


development 


Adeyemi O Adedeji’ and Stefan G Sarafianos*>* 


Coronaviruses are positive stranded RNA viruses that cause 
respiratory, enteric and central nervous system diseases in 
many species, including humans. Until recently, the relatively 
low burden of disease in humans caused by few of these 
viruses impeded the development of coronavirus specific 
therapeutics. However, the emergence of severe acute 
respiratory syndrome coronavirus (SARS-CoV), and more 
recently, Middle East respiratory syndrome coronavirus 
(MERS-CoV), has impelled the development of such drugs. 
This review focuses on some newly identified SARS-CoV 
inhibitors, with known mechanisms of action and their potential 
to inhibit the novel MERS-CoV. The clinical development of 
optimized versions of such compounds could be beneficial 
for the treatment and control of SARS-CoV, the current 
MERS-CoV and other future SARS-like epidemics. 
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Introduction 

In September 2012, a novel coronavirus (CoV) called 
Middle East respiratory syndrome CoV (MERS-CoV), 
was isolated as the causative agent of a severe pneumonia 
in several patients in the Middle East [1]. Globally, as of 
May 16, 2014, WHO has been informed of a total of 614 
laboratory-confirmed cases of infection with MERS-CoV 
(including 181 deaths) primarily in the Middle East 
(Saudi Arabia, Jordan, Qatar, Oman, Kuwait, and the 
United Arab Emirates), but also in Europe (the UK, 
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France, Italy, Germany, and Greece), North Africa 
(Tunisia and Egypt), Asia (Malaysia) and the United 
States of America (http://www.who.int/csr/don/2014_05_ 
16_mers/en/, http://www.cdc.gov/coronavirus/mers/). This 
CoV is closely related to severe acute respiratory syndrome 
CoV (SARS-CoV), an epidemic that was short-lived but 
alarming in 2002-2003 that resulted in approximately 8000 
cases and 800 deaths. 


SARS-CoV and MERS-CoV both belong to the family 
Coronaviridae, which are enveloped, positive-stranded 
RNA viruses with approximately 30,000 nucleotides 
[2°°]. CoVs represent the largest RNA viruses. For the 
well-characterized SARS-CoV, two overlapping open 
reading frames (ORF 1a and ORF 1b), encompass approxi- 
mately two-thirds of the genome. A translational read- 
through by a —1 ribosomal frameshift mechanism allows 
the translation of the overlapping reading frames into a 
single polyprotein pplab, whereas, translation without 
the —1 ribosomal frameshift mechanism produces ppla. 
The polyproteins are later cleaved by two viral protein- 
ases, 3C-like protease (CLP) and papain-like protease 
(PLP), to yield non-structural proteins essential for viral 
replication [3,4]. The remaining one-third of the genome 
encodes structural proteins of the virus, which include the 
spike (S), envelope (E), membrane (M) and nucleocapsid 
(N) proteins [5,6]. 


On the basis of phylogenic analyses, evolutionary studies 
have shown that SARS-CoV originated most likely from 
bats. It has been reported to be transmitted to humans by 
aerosols through intermediate hosts like palm civets 
infected by the virus [7—9]. Therefore, the zoonosis of 
CoV is a threat, due to its ability of interspecies transfer 
into human population. This has been recapitulated with 
the novel MERS-CoV, as recent studies have suggested 
that bats and dromedary camels serve as a reservoir for 
this virus [10-15]. MERS-CoV shows SARS-like symp- 
toms following human infections, which include malaise, 
rigors, fatigues and high fevers, indications similar to 
influenza, but later progresses to atypical pneumonia in 
most cases [16]. 


Although, many antiviral agents have been identified to 
inhibit SARS zw wvifro, there are presently, no approved 
antiviral agents or vaccines available to tackle any poten- 
tial SARS or SARS-like outbreaks, such as MERS. Differ- 
ent parts of the virus, that are deemed viable targets 
include, 3CLP, PLP, RNA-dependent RNA polymerase 
(RdRp) and the 5/—3’ helicase [17,18°,19]. Other possible 
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targets include E protein (Orf4), M protein (Orf6), and N 
protein (Orf9) [17]. This review focuses on the published 
antiviral inhibitors of coronaviruses, with SARS-CoV 
being considered as the primary virus. The inhibitors 
include replication and entry inhibitors, which can be 
developed for therapeutic purposes, not just against 
SARS, but other coronaviruses, including the novel 


MERS-CoV. 


Replication inhibitors 

Protease inhibitors 

The first coronavirus proteins that have been studied in 
detail include viral proteinases, namely the papain-like 
protease (PLP) or nsp3 and the 3C-like protease (3CLP, 
nsp5 or Mpro), which cleave the polyprotein into indi- 
vidual polypeptides that are required for replication and 
transcription [3,4]. Following the translation of the mes- 
senger RNA to yield the polyproteins, the 3CLP is first 
auto-cleaved from the polyproteins to become a mature 
enzyme. The 3CLP further cleaves all the 11 remaining 
downstream non-structural proteins. Hence, 3CLP is an 
essential viral protein for the viral replication cycle, and as 
a result becomes an attractive target for anti-SARS drug 
development [20,21°°,22]. 3CLP inhibitors are among the 
first SARS-CoV inhibitors that were discovered by screen- 
ing compound libraries using an assay that utilizes a 
fluorogenic peptide as the substrate and with structure- 
based design on the basis of the crystal structures of the 
product-bound form of 3CLP [23-25]. The compounds 
identified include zinc or mercury conjugates [26,27], C2- 
symmetric diols [28,29], peptidomimetic a,B-unsaturated 
esters [30], anilides [31], benzotriazole [32], N-phenyl-2- 
(2-pyrimidinylthio)acetamide [33], biphenyl] sulfone [34], 
glutamic acid and glutamine peptides possessing a tri- 
fluoromethylketone group [35], pyrimidinone [36], and 
pyrazole analogs that can also inhibit 3Cpro of picorna- 
viruses CV-B3 (coxsackievirus), EV-71 (enterovirus) and 
RV-14 (rhinovirus) (coronavirus and picornavirus dual 
inhibitors) [24,25]. ‘The names and chemical structures 
of some of the published 3C-protease inhibitors are 
shown in Figure 1. 


The papain like protease (PLP) is also an essential 
component of the SARS-CoV replication machinery. 
PLP is the nsp3 protein which is part of the synthesized 
ORF 1a polyprotein during replication. nsp3 cleaves pro- 
tease recognition sites between nsp1/2, nsp2/3 and nsp3/4 
[37]. In addition to its protease activity, nsp3 has been 
shown to have deubiquitination, and interferon antagon- 
ist activities 77 vitro [38]. Since its homologues are found 
in all coronaviruses, it has also been proposed to be a good 
target for drug discovery for both SARS-CoV and other 
human coronaviruses. 


Recently, Frieman ef a/. [39] developed a yeast-based 
assay to screen for small molecules that block SARS-CoV 
replication on the basis of their inhibition of nsp3 or PLP. 


The basis for the screen was that stimulated expression of 
nsp3 in Saccharomyces cerevisiae causes a pronounced slow 
growth phenotype. Using this principle, they screened a 
small molecule library for compounds that specifically 
prevented the nsp3-induced slow growth phenotype. 
‘These compounds were then validated in cell culture 
models for efficacy against SARS-CoV replication, as well 
as the known enzymatic functions of nsp3. The authors 
found five compounds that reversed the slow growth 
phenotype in yeast. One of the compounds, 
NSC158362 (Figure 1g), considerably blocked SARS- 
CoV replication 77 vitro with an ECs < 1 wM. This effect 
was specific for SARS-CoV replication because no effect 
on influenza virus replication was observed with up to 
50 uM of the inhibitory compound. Another compound, 
NSC158011, was shown to inhibit nsp3-dependent pro- 
tease activity ina cell culture assay, but could not prevent 
virus replication. NSC158362, could not inhibit the pro- 
tease, deubiquitinase or anti-IFN activities of nsp3, 
therefore suggesting that the compound may be inhibit- 
ing a yet unknown novel activity of nsp3 required for viral 
replication or may be inhibiting some cellular factors that 
regulate nsp3 function in infected cells. 


Helicase inhibitors 

Helicases are proteins that catalyze the separation of 
duplex oligonucleotides into single strands in an ATP- 
dependent reaction. On the basis of this activity, helicases 
can be divided into two types: those that unwind 
duplexes in a 3/35! direction, and those that unwind 
ina 5/3’ direction. Helicases require a molecular mech- 
anism for transducing the chemical energy generated by 
the ATPase activity into an oligonucleotide strand sep- 
aration and displacement activity [40]. The functions of 
helicase in positive-sense RNA viruses include nucleic 
acid separations [41°°], the melting of highly stable sec- 
ondary structures within the genomic RNA in order to 
increase translational efficiency of the polyprotein [42]. 
Considering all these helicase functions, viral helicases 
stand as a strong antiviral target. 


The helicase of SARS-CoV is called nsp13. A few poten- 
tial inhibitors of nsp13 have been identified [19,4346]. 
Some of these inhibitors inhibit nsp13 by interfering with 
its unwinding and ATPase activities. They include the 
bananins and the 5-hydroxychromone derivatives [43,45]. 
‘The bananins are a class of antiviral compounds with an 
exclusive structural signature that incorporates a trioxa- 
adamantane moiety covalently bound to a_ pyridoxal 
derivative [45]. Six members of this class of compounds 
were synthesized by Tanner ef a/. [45]. The compounds 
are bananin, iodobananin, vanillinbananin, ansabananin, 
eubananin, and adeninobananin. Of the six compounds, 
bananin, iodobananin, vanillinbananin, and eubananin 
effectively inhibited the helicase activity of nsp13 by 
inhibiting the ATPase activity of the helicase with 
ICsq values in the range 0.5-3 wM. Bananin was also 
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Figure 1 
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Figure 2 
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Names and chemical structures of examples of SARS-CoV helicase inhibitors. 


shown to exhibit antiviral activity against SARS-CoV ina 
cell culture assay, with an EC50 of less than 10 pM [45]. 
The structure of vanillinbananin is shown in Figure 2a. 
For the 5-hydroxychromone derivatives, 5-hydroxychro- 
mone was used as a scaffold on which two arylmethyloxy 
substituents were installed. The resulting derivatives 
include 5-hydroxy-6-(3-chlorobenzyloxy)-chromone with 
chloro-benzyloxy or iodo-benzyloxy substituents [43] 
(Figure 2b). These compounds, similar to the bananins, 
also inhibited the unwinding activities of SARS-CoV 
nsp13 by inhibiting the ATPase activity of the helicase 
at comparable ECsys of ~10 uM [43]. Although these 
compounds portend to be a promising therapy, the poten- 
tial ability of these compounds to inhibit the ATPase 
activity of cellular ATPases or kinases may affect cellular 
activities, thereby creating a risk of cytotoxicity. A study 
reported that an aryl diketoacid compound (Figure 2c) 
selectively inhibited the duplex DNA unwinding activity 
of SARS-CoV nsp13 without significantly inhibiting its 


ATPase activity [44]. However, the effects of this com- 
pound on nsp13’s unwinding activity of double-stranded 
RNA (dsRNA) and the replication of SARS-CoV were not 
determined [44]. 


A recent report revealed an inhibitor of nsp13 that inhib- 
ited the unwinding, but not the ATPase enzymatic and 
nucleic acid binding activities of nsp13 [19]. Using bio- 
chemical analyses, the authors demonstrated that this 
compound, SSYA10-001 (Figure 2d), is a noncompetitive 
inhibitor of nsp13 with respect to its major substrates, 
namely, nucleic acids and ATP. Since this compound did 
not inhibit nsp13’s binding and hydrolysis of nucleic acids 
and ATP, coupled with the fact that it did not bind the 
nucleic acid substrate, the authors suggested that, 
SSYA10-001 may be inhibiting nsp13 unwinding activity 
by interfering with its conformational changes during the 
course of the reaction or translocation on the nucleic acid 
[19]. Moreover, SSYA10-001 was also shown to be an 
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efficient inhibitor of viral replication in a SARS-CoV 
replicon and live viral assays. More recently, SSYA10- 
001 was shown to exhibit a broad-spectrum activity 
against other coronaviruses, including MERS-CoV and 
mouse hepatitis virus (MHV) [47]. 


Entry inhibitors 

Viral entry is an essential step of the virus replication 
cycle that can be targeted for therapy [48]. Entry inhibi- 
tors of several viruses have been identified. Examples 
include: RFI 641 and VP-14637, which are small mol- 
ecules that inhibit the entry of respiratory syncytial virus 
by binding at a hydrophobic pocket of the fusion (F) 
glycoprotein [49,50]; some inhibitors have been reported 
to block HIV entry by using different strategies. Mara- 
viroc is an entry inhibitor of HIV that targets CCRS, a host 
protein used as a coreceptor during HIV entry [51-53]. 
Enfuvirtide and SC29EK are peptides that can also block 
viral entry by binding to the viral transmembrane protein 
gp41 and blocking the final stage of fusion with the target 
cell [54-59]. A few monoclonal antibodies are currently in 
clinical trials, and they include KD-247 and PRO140. 
They prevent HIV entry by binding either the viral 
surface glycoprotein gp120 [60,61] or the CCR5 corecep- 
tor [62,63]. 


The surface glycoprotein of SARS-CoV, SARS-S, has two 
constituents: S1, which comprises the receptor binding 
domain (RBD), and S2, which comprises the fusion pep- 
tide. SARS-CoV gains entry into permissive cells through 
interactions of the SARS-S RBD with the cell surface 
receptor, angiotensin converting enzyme 2 (ACE2) 
(Figure 3) [20,64]. Following these interactions, endocy- 
tosis occurs. When the endosomes are within the region of 
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low pH in the cell, SARS-S is cleaved by a cellular protease 
called cathepsin L (Figure 4), leading to the exposure of 
the S2 domain of the spike protein for membrane fusion 
[65,66,67°°,68,69°°,70]. Some reports have also suggested 
the possibility of the fusion of SARS-S-expressing cells 
with ACE2Z receptor-expressing cells in a pH-independent 
environment at the cell surface [71,72]. 


The possible targets for SARS viral entry, thus, include 
cathepsin L, ACE2-SARS-S1 interaction and S2-cell 
membrane fusion (Figure 3). A number of studies have 
identified some inhibitors that interfere with these tar- 
gets. Dipeptide epoxyketones, calpain inhibitor III, oxo- 
carbazate, MDL28170 and SSAAO9E1 are all cathepsin L 
inhibitors (Figure 4) [67°°,73,74,75,76°°,77°°]. Although 
the first four compounds are peptidomimetic in nature 
(Figure 4a—c), SSAAO9E1 (Figure 4d) is a small molecule 
cathepsin L inhibitor that is likely to have improved 
bioavailability over others. These compounds have been 
shown to inhibit SARS viral entry by hindering the ability 
of cathepsin L to cleave S1 from S2, thereby preventing 
the fusion of the viral envelope with the host cell mem- 
brane, following endocytosis. Other SARS viral entry 
inhibitors include SSAAO9E2 (Figure 4e), SSAAO9E3 
(Figure 4f), and NAAE (N-(2-aminoethy]l)-I-aziridine- 
ethanamine), all of which are small molecule compounds. 
SSAA09E3 [77°°] prevents fusion of the viral membrane 
with the host cellular membrane (Figs. 3 and 4f). 
SSAA09E2 [77°°] and NAAE [78] act by blocking early 
interactions of SARS-S with the receptor for SARS-CoV, 
angiotensin converting enzyme 2 (ACE2) (Figure 3). 
NAAE is a unique small molecule entry inhibitor in that, 
it inhibits both ACE2 catalytic activity and S-protein- 
induced cell-cell fusion [78]. Although dual inhibitory 
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Figure 4 
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effects on ACE2 catalytic activity and SARS-CoV binding 
is not expected, because the catalytic site of ACE2 is 
distinct from the S-protein-binding domain [71,79°°], 
NAAE did show antiviral activity. Overexpression of 
ACE has been shown to cause hypertension, which is 
counterbalanced by ACE2 (through vasodilation) [80]. 
Hence, inhibition of ACE2 by NAAE stands as a potential 
risk for hypertension. 


Making a case for clinical development of 
coronavirus inhibitors 

Currently, there are no approved drugs for the treatment 
of SARS-CoV infection. During the initial outbreak of 
SARS, a number of medications that included ribavirin 
with and without corticosteroids [81—83], interferon (alfa- 
con-1) with corticosteroids [84], and ribavirin with pro- 
tease inhibitors [85] had some encouraging outcomes, but 
a definitive treatment regimen was not clearly estab- 
lished. More recently, a combination of IFN-a2b and 
ribavirin were shown to have some 7” vifro synergistic 
activities against MERS-CoV, albeit at higher concen- 
trations [86]. These drugs have known pharmacological 
properties and are, therefore, widely available, as some of 
them are used for the treatment of some viral infections, 
such as hepatitis C virus, albeit with some adverse side 
effects including hemolytic anemia, elevated transamin- 
ase levels and bradycardia [83], depression, suicide, 
relapse of drug abuse/overdose, bacterial infections and 
many others (Interferon and ribavirin treatment side 
effects, http://www. hepatitis.va.gov/provider/reviews/ 
treatment-side-effects.asp#S1X). Hence, with the new 
outbreak of MERS-CoV infection, optimization and de- 
velopment of some of the aforementioned lead com- 
pounds or other inhibitors with known or new 
mechanisms of action becomes important for therapeutic 
purposes, as there are no reports of any compound in 
clinical trials. 
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